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Abstract— Cells function based on a complex set of interactions
that control pathways resulting in ultimate cell fates including
proliferation, differentiation, and apoptosis. The interworkings of
thisimmenselydensenetworkofintracellularmoleculesareinﬂu-
enced by more than random protein and nucleic acid distribution
where their interactions culminate in distinct cellular function.
By probing the design of these biological systems from an engi-
neering perspective, researchers can gain great insight that will
aid in building and utilizing systems that are on this size scale
where traditional large-scale rules may fail to apply. The orga-
nized interaction and gradient distribution in intracellular space
imply a structural architecture that modulates cellular processes
by inﬂuencing biochemical interactions including transport and
binding-reactions. One signiﬁcant structure that plays a role in
this modulation is the cell cytoskeleton. Here, we discuss the
cytoskeleton as a central and integrating functional structure in
inﬂuencing cell processes and we describe technology useful for
probing this structure. We explain the nanometer scale science
of cytoskeletal structure with respect to intracellular organiza-
tion, mechanotransduction, cytoskeletal-associated proteins, and
motor molecules, as well as nano- and microtechnologies that
are applicable for experimental studies of the cytoskeleton. This
biological architecture of the cytoskeleton inﬂuences molecular,
cellular, and physiological processes through structured multi-
modular and hierarchical principles centered on these functional
ﬁlaments. Through investigating these organic systems that have
evolvedoverbillionsofyears,understandinginbiology,engineer-
ing, and nanometer-scaled science will be advanced.
Keywords—Cytoskeleton, Nanotechnology, Nanoscience, Intra-
cellular organization, Structure.
INTRODUCTION
Cells are one of the essential units of life, yet their orga-
nization perplexes scientists and engineers on many levels.
Formanyyears,theanalysisofnaturalsystemshasallowed
designerstobuildbetterhuman-constructedsystems.These
include advances in optics based on the study of the eye
and advances in ﬂying based on the study of animal mo-
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tion. Similarly, when working at the nanometer size scale,
much can be learned by an analysis of nanometer-based
biological systems. At this size-scale, the study of individ-
ual molecules and cells holds promise for many advances,
especially when it is considered that this biological system
has been optimized over billions of years. Because under-
standing the organization of the cell is critical to being able
to emulate its complex functions at small scales, herein
we will discuss the structure, components, and function of
the cell.
The structural behavior in all mammalian cells, includ-
ing cardiovascular, endothelial, smooth muscle, neural, and
osteoclast cells, are known to be heavily inﬂuenced by the
ﬁlament systems of the cytoskeleton.5,33,47,57,93 The cy-
toskeleton is a complex and highly organized structure that
has been shown to play a major role not only in control-
ling cell shape, but also in regulating motility,8,60,84,94,95
division7,16,46,86,98, and polarity.21,23,32,45,72,74,99 The cy-
toskeleton itself has been shown to contribute directly to
many processes in mechanical stimulation including its
own remodeling under ﬂuid shear stress, the strengthen-
ing of mechanical response by connecting the intermediate
ﬁlaments to intercellular adhesion sites, and remodeling
the actin cytoskeleton in the direction of minimal deforma-
tion under equibiaxial and uniaxial strain with elastomeric
membranes.12,43,113. Moreover, forces distributed through
the cytoskeleton have been shown to have long-range ef-
fects propagating into the nucleus, where single chromo-
somes can be displaced through mechanical manipulations
of cells at their surface.3,36 Mechanically stimulating cell
transmembrane proteins such as integrins have resulted in a
reorientation of cytoskeletal ﬁlaments and localized phys-
ical distortions of nuclei and nucleoli in the direction of
the applied tension.62,63 The cytoskeleton is interesting not
only from a scientiﬁc standpoint, but also because many
diseases and therapeutic methods are related to cell struc-
ture and the cytoskeleton, including wound healing, cancer
metastasis, and potential treatments for vascular diseases
including ischemic heart disease, stroke, and peripheral ar-
terial disease.
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The cytoskeleton provides not only an interesting struc-
ture through which cells adapt and change mechanically,
but also an organizational system that is similar to indus-
trial conﬁgurations. For example, a cell has many organi-
zation elements that are suggestive of what one ﬁnds in
an automobile factory. In a factory, the assembly line has
allowed the production of complex systems (cars) through
sequential time- and space-governed schemes. Based on
ideas popularized by the assembly line methodology for
the Ford Model T, automobiles are built by moving the
frame along a line from one station to the next, where each
station has a speciﬁc addition or modiﬁcation of the frame
to accomplish. Parallel to this structural organization, the
ability for proteins to proceed through a set of modifying
events (i.e., posttranslational modiﬁcations) is thought to
be related to the cytoskeletal structures of the cell. This
has been suggested due to the efﬁciency of the process,
along with known association of protein complexes with
the cytoskeleton. Complex cellular functions could be ac-
complished through using an organizational architecture in
this and many diverse systems.
In most animal cell types, the cytoskeleton is composed
of three major classes of cytoskeletal elements: actin ﬁla-
ments, microtubules, and intermediate ﬁlaments (Fig. 1).
Actin ﬁlaments (F-actin) are double stranded polymers
composed of monomer units of globular actin (G-actin).
They are semiﬂexible with a high aspect ratio and a di-
ameter of approximately 7 nm. F-actin is found dispersed
throughout the cytoplasm, but most ﬁlaments are located
just beneath the plasma membrane in the cortical region of
the cell. Microtubules are approximately 25 nm in diam-
eter. They are formed from 13 protoﬁlaments, each made
of polymerized α/β tubulin dimers that create a hollow
cylinder. They are more rigid than F-actin in compression
and are primarily located in the cell with one end attached
to the microtubule organizing center just outside the nu-
FIGURE 1. A nanometer-scaled engineering organization of a
biological system (the cell) including structural components
(the cytoskeleton) of actin ﬁlaments and microtubules. The
actin cytoskeleton is just below the cell membrane and has
connections across the entire length of a cell. The actin is
anchored to the extracellular matrix through focal adhesion
complexes and is involved in many processes including cell
motility. Microtubules are distributed through the cytoplasm
and mainly radiate from a central location in the microtubule
organizing center to the cell membrane. The microtubules are
involvedinmanycellfunctionsincludingcelldivisionandvesi-
cle transport.
cleus. From this attachment point, microtubules extend
toward the cell periphery. The third class of cytoskeletal
elements, which is called the intermediate ﬁlaments, is a
diverse class of protein ﬁlaments each of which is approxi-
mately 10 nm in diameter. Intermediate ﬁlaments are cell-
type speciﬁc. For example, epithelial cells contain primar-
ily intermediate ﬁlaments composed of the protein keratin,
while muscle cells primarily have desmin-containing in-
termediate ﬁlaments. Intermediate ﬁlaments are positioned
throughout the cytoplasm and exist as a specialized net-
work. In the nucleus the network is called the nuclear lam-
ina. Each of these three systems has also been shown to
interact with a variety of associated proteins that inﬂu-
ence both their structure and their biochemical signaling
functions.
Inthisreview,wewilldiscusstheroleofthecytoskeleton
in cell function in terms of an essential nanoscale structural
and organizational unit. We will focus on “nanobioengi-
neering” in terms of understanding the engineering design
of cellular systems at the nanometer size scale and also
associated technology that has been interfaced with these
biology systems. We will describe the cytoskeleton with
respect to: (1) organizational structure and cell behavior;
(2) mechanotransduction; (3) motor molecules; (4) addi-
tional cytoskeleton-associated proteins; and (5) nano- and
microtechnology tools to probe it. It is our hope that the
combination of these discussions will describe the intri-
cate roles that the cytoskeleton plays in a variety of cell
functions.
ORGANIZATIONAL STRUCTURE AND
CELL BEHAVIOR
The necessary organizational capacity of a complex sys-
tem such as a cell, which must integrate many processes
including transport, intracellular and extracellular binding-
reactions, and genetic transcription, suggests that an un-
derlying architecture exists to compartmentalize these pre-
cise functions and allow the cell to function properly. In
general, if a cell simply consisted of an aqueous environ-
ment surrounded by a lipid bilayer and governed by reac-
tions mediated solely by diffusion, it would need little spa-
tial organization. In actuality, cells exhibit densely packed
molecules, sharp local concentration gradients, low num-
bers of individual subunits, and small or irregularly shaped
compartments, all of which create deviations from the as-
sumed idealistic environment. When examining a simpli-
ﬁed solution-based system, diffusion of small molecules
would immediately disperse cell components into an equi-
libration of homogenous distribution due to the microme-
ter width of individual cells and high diffusion constants
of individual molecules. Models of pure aqueous envi-
ronments are inadequate to describe ﬁndings on cellular
organization. For example, it has been shown that parti-
cles greater than 20 nm exhibit limited diffusion within the104 P. R. LEDUC AND R. M. BELLIN
cytoplasm, likely due to the fact that intracellular distribu-
tion of protein molecules exist at densities ranging from
50 to 400 mg/ml causing macromolecular crowding (Fig.
2).68,69,77,83 Thishighdensityofproteinsinthecytoplasmic
region reveals the difﬁculty with which diffusional trans-
port would proceed and thus suggests that there must be an
alternateplausibleexplanationfortheexecutionofthesein-
tricate processes. The cytoskeleton is one of the most likely
candidates.
One primary function mediated by the cytoskeleton in
cells is molecular transport. The movement of materials
within the cell and the overall organization of living cells,
while relying on a number of factors, are both strongly in-
ﬂuenced by the cytoskeleton. To inﬂuence these properties,
any governing system must have access and a presence
across the cell. The cytoskeleton spreads through the in-
terior of the cell in its various forms and is known to be
linked to additional networks in the nuclear domain via
the intermediate ﬁlaments. This overall network of proteins
provides the scaffolding for the complex functions to oc-
cur when coupled with the various cytoskeletal-associated
proteins and motor molecules, which will be discussed
later.
Structural organization exists at multiple scales in bio-
logical systems. At the tissue level, the extracellular ma-
trix provides the organizational structure for developing
complex tissues. The scaffolding in bones must be estab-
lishedforosteoblastsandosteoclaststofunctioninharmony
and develop stable structures. Also, basement membranes,
which are specialized mats of extracellular matrix, relay
support and provide the necessary initial conditions for
angiogenesis (i.e., the growth of vasculature). In general,
self-assembly and organization are hallmarks of inherently
FIGURE 2. Schematic of the crowded distribution of molecules
in living cells including microtubules and actin ﬁlaments. The
distribution of molecules in the cytoplasmic space of a cell is
a highly dense region. This closely packed arrangement can
inhibitrandomdiffusionandreactionprocessesduetoparticle
interference and local binding-reaction events.
smart materials. Units are joined together to form higher
order stable systems, which have properties and functional-
ity that are not obvious from the individual analyses of the
solitaryunits.Thesetraitsexistatthecellularandmolecular
scales in the cytoskeleton.
For this structure to have more than just a mechanical
inﬂuence, it must affect functions in living cells. Many cell
tasksareknowntobedirectlycorrelatedtothecytoskeleton.
Exocytosis allows the cell to move proteins from the in-
tracellular compartments to the extracellular environment.
Thisisaccomplishedthroughtheencapsulationofspeciﬁed
proteins in a lipid-bilayer structured vesicle. The transport
of the vesicles to the exterior of the cell is known to be
heavily dependent upon the cytoskeleton, speciﬁcally, the
microtubules. In studies using green ﬂuorescent proteins,
the transport efﬁciency of the ﬂuorescent protein from the
Golgi complex to the plasma membrane was observed to
be signiﬁcantly slowed when the microtubules were de-
polymerized using nocodazole—a tubulin binding agent
that inhibits the polymerization of microtubules.11 In cells
with intact microtubules, the transport of the vesicles is
observed to have a radial vector from the Golgi to the cell
periphery (Fig. 3), yet when the microtubules are depoly-
merized,thetransportthatoccursisviarandomdiffusionof
thevesiclesthroughthecytoplasm.Cytoskeletal-associated
transport applies to other systems as well. The endoplas-
mic reticulum transports proteins to the Golgi apparatus for
posttranslational processing. This transport is once again
thought to be mediated by the microtubules because the
depolymerization of these ﬁlaments inhibits this process.
The local organization and distribution of molecules
in the cytoplasm leads to global cell response as well.
The ability of a cell to move during chemotaxis is the
integration of a complex set of molecular events occurring
in a nonuniform environment. During cell motility, the
FIGURE 3. Green ﬂuorescent protein chimeras visualized in
transport from the Golgi apparatus to the plasma membrane
during exocytosis. (A) Green ﬂuorescent protein localized in
the Golgi Apparatus and in small vesicles outside of the Golgi
during transport. (B) Schematic of thepath of thevesicles from
the Golgi to the cell membrane. Tracking the vesicle mobility
reveals the linear transport along the microtubules in various
directions. After depolymerizing the microtubules, this pro-
cess is inhibited. Scale bar = 10 µm.Nanoscale Intracellular Organization 105
leadingedgeofthecellexperiencesasigniﬁcantincreasein
protein density. Speciﬁcally, actin monomers and ﬁlaments
are found in highly ampliﬁed quantities in this region
as the actin is actively moved toward the leading edge.
This increase in the concentration of actin monomers and
ﬁlaments is critical in the steps preceding motility where
extension of lamella, lamellipodia, and ﬁlopodia requires
high actin ﬁlament concentration for polymerization
to impart mechanical force. To produce this force for
extending podia, one hypothesis is that the actin ﬁlaments,
which normally bear tensile loads, are bundled together
and provide compressive strength for the extension of these
cellular processes. If actin polymerization is inhibited
through the introduction of agents, such as cytochalasin-D
and latrunculin, podial extension and the associated
motility is signiﬁcantly restricted.
The ability of a cell to progress around the cell cycle and
proliferate is also directly inﬂuenced by the cytoskeleton
and its organization. In cell division, the ability of a cell
to move from interphase to telophase is regulated by the
microtubules and their reorganization to form the mitotic
spindle.Themicrotubulesassistindivisionaseachchromo-
somelinesupatapointthatbisectsthelengthofthealigned
spindle. The chromosome is then pulled apart and each half
moves along the microtubule path for the formation of two
newandequalnuclei.Furthermore,inanimalcellstheactin
cytoskeletonalsoplaysaroleduringcelldivisioninthefor-
mation of structures that deﬁne the plasma membrane. The
two new cells are pinched off by actin ﬁlaments during cy-
tokinesis at the end of M phase. Because the actin ﬁlaments
are known to be located just beneath the plasma membrane
in normal cells, this process for the separation and devel-
opment of new plasma membrane structures seems ideal.
Even prior to division, the progression into distinct stages
of the cell cycle are mediated by the presence of intact
cytoskeletal components.41 Disruption of the cytoskeleton
integrity inhibits the extracellular signal-regulated kinases
and halts the cell cycle at the G1 phase. The presence of the
cytoskeletoninthistimewindowallowsfortheprogression
of the cell machinery into the S phase and thus promotes
cell growth. Through all of these different schemes, the cell
exhibits an ability to organize itself through structures that
inﬂuence numerous functions including transport and cell
division. The cytoskeleton structure further affects the abil-
ity of a cell to respond to mechanical stimulation through
chemical signaling.
MECHANOTRANSDUCTION
Thecytoskeletonisdirectlyrelatedtotheinterconnected
ﬁelds of cellular structure and mechanics, in which cells
sense, generate, and respond to forces. The empirical ef-
fects of mechanotransduction (or mechanical stimulation
inducing biochemical signaling) are known because cells
sense and respond to mechanical stimulation. The mech-
anistic link though is not well understood. The mechan-
ical stimulation of cells has produced a wide range of
effects including responses in the proteome with the ac-
tivation of the mitogen-activated protein kinase pathways
such as p38 and jun-n-terminal kinase22,56,90 and in the
genome, as alterations in gene expression proﬁles.31,82,105
The link between mechanical stimulation and biochem-
ical response has recently focused more acutely on the
cytoskeleton2,6,34,44,88,121 and its associated extracellular
matrix–cell connections.24,85,116,118 Of particular interest is
the manner in which forces are transmitted into cells from
the extracellular environment. One of these links is through
the focal adhesion complexes, which are a heterocomplex
of proteins including paxillin, vinculin, talin, and the trans-
membrane integrins. These complexes are connected to the
actincytoskeletonaswellastheextracellularmatrix,which
provides a direct link from the extracellular world (i.e., the
extracellular matrix) to the intracellular architecture (i.e.,
the cytoskeleton).
One of the mechanisms for this mechanotransduction
response is that these structural alterations are triggered
through molecular interactions with speciﬁc cell surface
receptors that bind to insoluble adhesion molecules. Thus,
receptor signaling pathways can be utilized to control cell
structure and function.1,76,112,114 Studies have revealed the
importance of focal adhesion complexes in the activation
of mechanochemical cascades. Within the focal adhesion
complexes, integrins have been shown to be critical. When
localized forces are applied to a cell through integrin-
speciﬁc antibodies, the cytoskeletal stiffness response
increases in proportion to the applied forces. Through
these links, the role of the cytoskeleton has been shown
to regulate many processes in mechanical stimulation
including the remodeling of the cytoskeleton under ﬂuid
shear stress, the strengthening of mechanical response
through connecting intermediate ﬁlaments to intercellular
adhesion sites, and remodeling the actin cytoskeleton
FIGURE 4. Mechanotransduction through the cytoskeleton.
Schematic of magnetic twisting cytometry. Magnetic beads
coated with integrin binding molecules including arginyl-
glycyl-aspartic acid are compared to nonbinding molecules
including bovine serum albumin. The magnetic beads are
brought into contact for attachment to individual cells and
then a magnetic ﬁeld is introduced onto the system causing an
angular rotation of the beads. The connection of the beads to
the actin through the focal adhesion complex reveals a direct
link of the force–strain response of the cells when linked to
the cytoskeleton112.106 P. R. LEDUC AND R. M. BELLIN
in the direction of deformation.12,43,113 Furthermore,
studies of stress and strain on cells have increased the
understanding of mechanics with respect to intracellular
behavior involving the cytoskeleton.35,39
From a biochemical perspective, local modulation of
integrin receptors affects cell behavior because applying
mechanical stresses alters the expression of cyclic AMP as
well as induces local recruitment of mRNA and ribosomes
to focal adhesions.10,65 Membrane receptor signaling
and gene transcription are activated in a force-dependent
manner by applying magnetic twisting forces to these
receptors via ferromagnetic beads coated with speciﬁc
receptor ligands (Fig. 4).65,112 Magnetically twisting cell
surfaceadhesionreceptorsthatareclustered(oligomerized)
within focal adhesion complexes result in a rapid increase
in the production of the second messenger, cyclic AMP.
This increase in cyclic AMP leads to downstream signaling
events resulting in the activation of gene transcription, as
conﬁrmed by demonstrating that magnetic activation of a
reporter gene that encodes the enzyme, β-galactosidase, is
driven by cyclic AMP-response elements. Inaddition tothe
proteins described earlier, associated structural candidates
are likely to be involved in mechanotransduction. The
membrane-associated proteins of guanine nucleotide
binding proteins (G proteins) are associated with this
cascade. They are heterotrimers composed of Gα,G β, and
Gγ subunits. These subunits activate second messengers
which have direct effects on the regulation of adenylyl
cyclase, cyclic AMP, and inositol triphosphate. It is also
quite likely that a family of proteins called syndecans
may play a role in mechanotransduction similar to
integrins. Syndecans are transmembrane heparan sulfate
proteoglycans located at the cell surface with known
binding afﬁnities for the extracellular matrix and the actin
cytoskeleton. Recent studies indicate that heparan–sulfate
linked proteins likely play a role in mechanical signaling,
and syndecans are the most likely candidates of this class
of proteins due to their membrane spanning nature.70
MOTOR MOLECULES
Molecular motors are an active control mechanism that
can move and organize entities from molecules to or-
ganelles often associated with the cytoskeleton through
mechanochemical interfaces. Motor molecules, including
kinesin, dynein, and myosin, have the ability to travel
individually, or in combination with complexed proteins.
These motors are able to convert the energy from adeno-
sine triphosphate (ATP) hydrolysis into mechanical force,
thereby creating a chemical-to-mechanical actuator for in-
tracellular transport (Fig. 5). Even though these motors
are nanometers in size, they move rapidly with velocities
reaching up to 60 µm per s for myosin XI (considering the
nanometer scale of these motors, this is analogous scale-
wise to an automobile traveling km per s).
The ATP is the critical “fuel” and generates the power
stroke necessary for motility of these motors. This fuel is
thought to arise from the complex and tight coupling in the
transition of ATP to adenosine diphosphate (ADP); thus
with the addition of ATP, mobility of these proteins can
be induced. The motion of these particular molecules is
directlylinkedtotheorganizationstructureofthecytoskele-
ton. Myosin relies on the binding and actuation along the
actin ﬁlaments, while kinesin and dynein likewise bind to
microtubules. The discrete steps of these motors (e.g., 8 nm
for kinesin) are based upon the ability to attach and detach
successively while moving along monomers and dimers of
theﬁlaments. Through thismotion, themotors arealsoable
to apply forces which are used for intracellular transport
as the motors bind and pull molecules and vesicles to
reposition them to alternative areas in the cell; kinesin pro-
duces around 5 pN of force. Recent studies have analyzed
the motor-molecule directed motion of organelles down
to a nanometer size scale, thereby providing even more
insight into these motor molecules and their movement.53
These motors are also being harnessed by researchers
who are creating biological hybrid devices for mechanical
actuation as they move distinct distances while attaching
FIGURE 5. Molecular motors for transport and organization in living cells. Model of kinesin capturing the resulting mechanical
motion of the motor from the chemical energy conversion.109 They attach to the cytoskeleton scaffolding and to systems including
vesicles in living cells through their light chains. The two heavy chains of these motors “walk” along the cytoskeleton tracks to
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to organic and inorganic systems. Thus, the motion of the
motor molecules that is used for active transport inside
living cells also provides the scaffolding for the directional
movement of these nanometer-sized mechanochemical
power engines. This capability is involved in cell functions
including exocytosis, as the vesicles are transported along
microtubule tracks. This also is critical in cell motility with
respect to the force generation at the leading edge of cells,
where actin ﬁlaments push the leading edge of the cell for-
wardforattachingthecelltothesubstrateoftenthroughthe
focaladhesioncomplexes,whicharealsolinkedtotheactin
cytoskeleton.
ADDITIONAL CYTOSKELETAL-ASSOCIATED
PROTEINS
A major unresolved issue in the study of signaling path-
ways relates to the intracellular signaling proteins. The
ability for proteins to organize in cells involves parame-
ters of both time and space. Thus a mechanism must be in
place within the cellular environment for this to proceed.
As discussed earlier, the cytoskeleton is integrally related
to trafﬁcking of molecules in the cell. In this, the ability
to form scaffolding systems where proteins are assembled
for complex spatiotemporal signaling may be mediated by
cytoskeletal-associated proteins beyond motor molecules;
these provide a variety of functions. In the case of F-actin
networks, there are speciﬁc proteins which control struc-
tural organization in terms of the formation of the stress
ﬁbers in the cytoplasmic region. For example, ﬁlamin is
an actin-associated protein that is responsible for binding
the actin ﬁlaments into a gel-like network. The binding
of ﬁlamin inhibits the binding of the competing associ-
ated proteins, tropomyosin and α-actinin. Actin ﬁlaments
in the absence of ﬁlamin can bind to tropomyosin, which
attaches along the length of the ﬁlaments increasing its
strength. In turn, this tropomyosin binding allows the α-
actinin to bind to the plus end for bundling of the actin
ﬁlaments, creating stress ﬁbers. The result of this competi-
tivesystemistwodistinctorganizations:1)aloosenetwork
of actin ﬁlaments, and 2) closely bundled actin ﬁlaments.
These bundles are involved in contractility response along
with myosin-II. In addition to the ﬁlamin/tropomyosin
system, the ARP 2/3 complex is involved with actin
branching for controlling the structural organization in
cells.
Subcellular trafﬁcking along the cytoskeleton reveals
a rich, dynamic, and spatial process when activated with
extracellular stimuli.37,73 Signaling from the cytoplasmic
to the nuclear regions has been proposed to be linked to
the cytoskeleton-associated protein plectin and to nuclear
pore structures. Plectin provides a molecular organization
for mediating association with an array of cytoskeletal ele-
ments. The interactions of this large protein (over 500 kDa)
include association with actin and intermediate ﬁlaments
as well as binding to the transmembrane integrins, which
are involved in the mechanotransduction cascade. Through
these associations, the regulation of signaling including
p34(cdc2) kinase is induced, which has further effects on
cell functions including mitosis through the intermediate
ﬁlaments.81,97
The cytoskeleton of individual cells can inﬂuence traf-
ﬁcking through a mechanism whose association with the
cytoskeleton is debated.13 Speciﬁcally, glucocorticoid re-
ceptors move from the cytoplasm to the nucleus under ex-
ternal stimulation of a steroid such as dexamethasone. This
transport is linked to the cytoskeleton, but the exact mech-
anism is not known.38 One postulate is that chaperones,
proteins that are associated with both the glucocorticoid re-
ceptors and the cytoskeleton, alter the transport properties
of the cell. The glucocorticoid receptor is a gene regulatory
protein that is bound in the cytoplasm to the chaperone
heat shock protein 90 (Hsp90) as well as interacting with
cochaperones such as hsp40, and other peptides including
cyp40; Hsp90 also binds to both actin and tubulin. When
the receptor is complexed to the chaperone proteins, it can
bind to the associated steroid hormone, which induces a
conformational alteration in the complex. This binding in
turn releases the chaperones, which allows the receptor to
traverse the nuclear membrane and initiate transcription of
steroid-responsive genes.4,107,108 This biochemical activa-
tionofnuclearredistributioncanbetemporarilysuppressed
with geldanamycin, which disrupts the molecular binding
ofHsp90toglucocorticoidreceptor,yetwhenthecytoskele-
ton is depolymerized with cytochalasin-D treatment, the
process resumes normal transport speeds. This indicates
the necessity of the cytoskeleton in this process,29,78,115
although the speciﬁc mechanism of this nucleocytoplasmic
transport is still unclear.
From a mechanistic standpoint, studies postulate that
glucocorticoidreceptordiffusesthroughthecytoplasmwith
protein interactions that bind the mobile proteins at speciﬁc
sites. Alternately, it is proposed that the association and
activemovementthroughmachineryassociatedwiththecy-
toskeleton plays a role in this nucleocytoplasmic transport.
This mechanism is thought to work through cytoskeleton-
linker proteins and in the case of glucocorticoid receptor
transport, a potential protein is Hsp-90, aforementioned.
Hsp-90 has the presence and binding afﬁnities to implicate
it since it is: (1) a ubiquitous phosphorylated dimer; and (2)
a prevalent eukaryotic chaperone that can compose 1–5%
of the total cellular proteins.14 Further, Hsp-90 is known
to associate with cytoskeleton proteins such as tubulin
and actin, so it could function to affect this transport
through the cell structure. Although the mechanism
needs to be elucidated, the cytoskeleton is deﬁnitely
involved and likely through cytoskeleton-associated
proteins that help regulate spatiotemporal signaling in
cells.108 P. R. LEDUC AND R. M. BELLIN
FIGURE 6. Fluidic technology for subcellular stimulation to control cytoskeletal integrity. This technology is able to overcome a
signiﬁcant limitation in chemical stimulation where normally due to the size scale of single cells local stimulation with aqueous
solutions will diffuse across the length of a cell within seconds. (A, B) The lithographically constructed ﬂuidics system with a
close-up of the region where the inlet channels converge into the main channel. (C) Mitotracker Green FM labeled the mitochondria
using the ﬂuidics device only in the local cytoplasmic domains on the right region of the cell with simultaneous labeling of the
mitochondria on the left region of the cell with Mitotracker Red.100 Scale bar = 5 µm.
NANO- AND MICROTECHNOLOGY TO ADDRESS
THE CYTOSKELETON
Tounderstand anddissecttheinﬂuence ofthecytoskele-
ton on the function of the cell, novel techniques must be
developed and interfaced with this complex biological sys-
tem from a bioengineering perspective. Here, we describe
a sampling of technologies that have been applied to bi-
ological systems such as cells and individual biological
molecules. Technology has provided insights into the re-
sponse of single cells and cell populations in relation to
the structural cytoskeleton on numerous fronts. Over the
pastseveraldecades,microtechnologysuchasmicropipette
aspirationdeviceshasimprovedtheunderstandingofmem-
branemechanicsincluding:theinterconnectionbetweenthe
membrane of the outer hair cell with its cortical lattice; the
cell-cycle-regulated viscoelastic properties of hepatocellu-
lar carcinoma cells; and the volume differential behavior of
red blood cells under an anisotonic environment, which has
direct and indirect links to the cytoskeleton.19,71,113 Fluid
shearing devices have helped uncover protein-speciﬁc at-
tachment sites and the contributions of the cytoskeleton to
them.17,49,61,87,106,110 Alternately, other methods can exam-
inelocaldomains.20,42,51,54,79,80,102,103,111 Lithographicfab-
ricationtechniqueshavebeenusedtodeveloptoolstostudy
how cell shape is regulated by the attachment and spread-
ing of individual cells.9,25,55,64,66,67,73,75,92. Technology has
been applied to cell biology questions using techniques
such as soft lithography28,40,48,58,104 at a cell monolayer or
whole cell size-scale.15,18,27,28,50,52,59,96,119.
Nanotechnology has become a popularly discussed sub-
ject over the past several years. Nanotechnology though is
challenging to deﬁne depending on the interests and back-
grounds of individual researchers. For example, a chemist
may deﬁne nanotechnology as chemistry, the material sci-
entist may deﬁne it as fabrication on the nanometer scale,
and the biologist may deﬁne it as actively manipulating
molecules to name a few perspectives. This description in-
cludesnanotechnologysuchas:thefabricationofthinﬁlms;
the synthesis of self-assembled monolayers (SAMs); and
geneticconstructsincludedevelopingbiologicalmolecules.
These are all on the nanoscale and could be debatably
described as nanotechnology. Irregardless of the varying
perspective, the development of smaller and smaller tech-
nology, which is requisite to the interface with individual
molecules on the nanometer size scale generally has fo-
cused around two approaches, the top-down and bottom-
up. In one facet of the top-down approach, lithography has
been utilized and improved as the resolution of these tech-
niques increases to the nanometer size scale through utiliz-
ingtechniquessuchaselectronbeamlithography.Onefacet
of the bottom-up approach uses the assembly and utiliza-
tion of molecular complexes on the single nanometer size
scale including chemical synthesis or leveraging biological
building blocks of proteins or nucleic acids.
Many cellular processes are spatially and temporally
responsive including cell structure, motility, and apoptosis.
Thus, if internal cell responses are to be elucidated in cellu-
larbiology,methodsforworkingattheresolutionofthecy-
toskeletal components that have control over these gradient
behaviors must be developed. Nano- and microtechnology
are ideally suited for this purpose. A number of novel tech-
niques to probe the localized domains of the cytoskeleton
have been reported recently. For example, a ﬂuidic device,
which was built using soft lithographic methods, is able
to probe subcellular domains in a single cell using lami-
nar ﬂuid ﬂow separation. This procedure has allowed the
delivery of pharmacological drugs locally including cy-
toskeletal targeting agents (Fig. 6).100,101 This technique
utilizes micrometer-sized streams of ﬂuid ﬂowing over
spreadmammaliancells.Duetothelowvelocityoftheﬂuid
ﬂowandthesmalldimensionsofthechannel,lowReynolds
number ﬂow is established and the separated streams inter-
sect in the main channel with minimal mixing. ThroughNanoscale Intracellular Organization 109
this, chemical step gradients are delivered to subdomains
of single cells (Fig. 6). This has been used to locally de-
polymerize the nanometer scale cytoskeleton inside a sub-
cellular domain using chemicals including cytochalasin-D.
Further, a speciﬁc stimulation at a spatially localized
subcellular regioncouldleadtoinsightfordirectional sens-
ingorpolarized sensitivitywithrespect tothecytoskeleton.
Nucleocytoplasmic transport has been visualized in this di-
rectionaltransportthroughgreenﬂuorescentproteinlabeled
glucocorticoidreceptor,whichisrelatedtocytoskeletonor-
ganization (Fig. 7). Manipulating the cytoskeleton is also
possible through the introduction of laser energy. Through
focusingfemto-secondpulsesoflasersthroughanobjective
with a high numerical aperture, large quantities of discrete
energy have been delivered to nanometer-sized volumes
inside a single cell with no apparent damage to adjacent
domains (Fig. 8). This technique has been combined with
ﬂuorescent labeling of the cytoskeleton to target actin ﬁl-
aments in single cells 89. Individual actin ﬁbers have been
severedwhilethesurroundingcytoplasmandmembranere-
main intact. Also, SAMs have been used to control biologi-
cal responses including cytoskeletal and ECM behavior.9,92
SAMs can control not only in vitro but in vivo components
aswellasbeingusedforencapsulatedinvivoenvironments
with liposomal systems. Nanoelectromechanical systems
(NEMS) can also be applied to the investigation of molecu-
lar behavior. NEMS are often based on the scaling down of
conventional microelectronics and have allowed a greater
abilitytodetectthepresenceofsmallamountsofmolecules;
thisisaccomplishedthroughmonitoringthedeformationof
long cantilevered beams due to loading of the molecules.
Furthermore, semiconductor nanocrystals (quantum dots)
can be used for in vivo sensing. A recent example demon-
strated the ability to identify prostate-speciﬁc membrane
antigen with simultaneous visualization of cancerous re-
gions in vivo via near-infrared imaging.30 These are a few
examples of how technology has been implemented to
FIGURE 8. Manipulation of individual cytoskeleton ﬁlaments
in living cells with a femtosecond pulsed laser. Through the
introduction of high energy packets of laser focused into the
interiorofasinglecell,theindividualactinﬁlamentshavebeen
severed. (A) A top and (B) side view of a three-dimensional
reconstruction using confocal microscopy of a single cell.89
The channels and cavities are formed within the cytoplasm
through continuous and pulsed laser excitation, respectively,
while actuating the laser across the cell. Localized disruption
andmanipulationofthecytoskeletonﬁlamentsispossiblewith
minimal damage to adjacent zones in the cell.
probe the cellular functions of the cytoskeleton. In the fu-
ture,theuseofnano-andmicrotechnologytostudyintracel-
lularstructuralresponsescanleadtomanyinsightsintodis-
ease diagnostics and potential treatments. This will require
multidisciplinary approaches including engineering, biol-
ogy, physics, mathematics, and chemistry to develop novel
combinations of cellular, molecular, and technological
research.26,91,117,120
CONCLUSIONS
The cytoskeleton is a central and integrating func-
tional structure in inﬂuencing cell processes. This struc-
ture though has evolved with the development of the cell
to provide an ultimate optimization in design and organi-
FIGURE 7. Localized cytoplasmic receptor response through a possible cytoskeleton association. (A) The glucocorticoid receptor
is labeled with green ﬂuorescent protein and is initially distributed throughout the cytoplasm in its unstimulated state. When
steroids including dexamethasone (DEX) were added to local domains (the right half) of single living cells, the transport of the
glucocorticoid receptor, which is thought to be associated with the cytoskeleton through heat shock protein-90, reveals a gradient
response. This gradient shows (B) a biased distribution into the unstimulated cytoplasmic region after 5 min and (C) a reverse
gradient behavior in the nucleus with the green ﬂuorescent protein distribution also in the unstimulated portion of the cell in the
nuclear compartment after 10 min. Scale bar = 7 µm.110 P. R. LEDUC AND R. M. BELLIN
zation in this system. Through understanding the cell at
the nanoscale from a design perspective, many advances
in nanoscience, engineering, and biology can be made in
ﬁeldssuchasnanobioengineering.Overthecourseofevolu-
tion that has resulted in the development of more complex
eukaryotic cells, billions of genetic changes likely have
occurred. In these changes, many characteristics that are
beneﬁcial to cells have been passed along to the following
generations. Through this progression, the necessity for an
organized hierarchical system for many cellular processes
that cannot be accomplished through traditional diffusion
reactionschemeshasdeveloped.Diffusiondeﬁnitelyoccurs
and governs processes, but each generation of advanced re-
search is ﬁnding that the cell exhibits multiple processes to
ensure that cell functions are accomplished even if there is
an inhibition of the primary mechanism.
Thepresenceofthesecomplementaryschemesfortrans-
port and organization systems involving the cytoskeleton
suggest that cell function is optimized for these superﬂuous
functions in cytoskeleton-mediated solid-state biochem-
istry. The organization in cells further exhibits redundancy,
which ensures the completion of cellular functions; this is
also found as a duplicate method that exists in both chem-
ically governed and structurally governed scenarios giving
rise to highly ordered systems established by millions of
years of evolution. This has indicated that as cells evolved
over the course of history, the ability for them to form more
complex systems initially relied on the establishment of a
system that could regulate cell processes in highly orga-
nized schemes. The cytoskeleton would be one potential
system for this type of evolution scenario. Regardless, the
cytoskeleton deﬁnitely plays important roles in complex
signaling pathways by providing a scaffolding for them as
well as alternate schemes for their completion. This ﬁeld
of structure and organization through internal structures
in a cell has a wide range of implications in ﬁelds from
cell biology and medical therapeutics, to computational
biology.
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